Solid-phase chemistry was first described in the chemical literature nearly 50 years ago and has revolutionized organic synthesis. 1 It is commonly used for the synthesis of peptides, oligonucleotides, carbohydrates, and a large variety of other organic compounds. [2] [3] [4] [5] In solidphase synthesis, the starting material is covalently linked to a solid, polymeric support and converted to the product through a series of step-wise chemical reactions. Intermediate products throughout the multi-step synthesis are attached to a physical handle (the polymer). In order to ensure that each individual reaction goes to completion, excess reagents are used. The use of a polymeric support allows for facile removal of unused reagents and obviates the need for column purification throughout the course of the synthesis. Once the product is synthesized on the polymeric support, it is cleaved from the resin and recovered from solution.
One of the most common applications of solid-phase chemistry is the synthesis of polypeptides. 2 The iterative fashion in which peptides are synthesized from single amino acids, the commercial availability of necessary reagents, and the high yielding nature of the couplings all make peptide synthesis ideally suited for this approach. While there are other synthetic strategies available for solid-phase peptide synthesis (SPPS), the Fmoc approach has proven the most versatile. 2, 6 In this method, the N-terminus of each amino acid to be incorporated into the growing peptide chain is protected by the base labile 9-fluorenylmethoxycarbonyl (Fmoc) group ( Figure 1A) . As a result, once the desired amino acid is attached, further coupling is prevented. Following formation of the peptide bond, the Fmoc group is removed under mildly basic conditions so that the next amino acid can be incorporated. Because several amino acid side chains would interfere with constructing the peptide, they too are protected. However, these side chains are protected with acid-labile groups that are only removed upon completion of the synthesis. Through a series of coupling reactions followed by deprotection of the Fmoc group, the peptide is constructed ( Figure 1B ). Once the full-length peptide has been synthesized, it can be cleaved from the resin and fully deprotected with trifluoroacetic acid. Despite the importance of SPPS in the field of chemistry, few undergraduate students gain experience with this technique throughout their chemistry education. Although there have been some experiments reported, expanding the repertoire of available laboratory experiments will certainly help introduce more students to this exciting technique. [7] [8] [9] [10] A two-week discoveryoriented laboratory experiment is described in which students synthesized a dipeptide with one unknown amino acid, cleaved it from a solid-support, and determined the structure of the resulting product by electrospray-ionization mass spectrometry (ESI-MS) (Scheme 1). This approach illustrates several important synthetic concepts such as (i) solid phase synthesis, (ii) protection-deprotection concepts, and (iii) mass spectrometry. The goal of this experiment is not only to expose students to the technique of SPPS, but also to go a step further and ask them to apply their knowledge of mass spectrometry in order to determine the identity of the unknown that they used for the synthesis. The discovery-oriented approach, in which students critically evaluate data generated in the laboratory, sets this experiment apart from others described in this Journal.
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Scheme 1: Overview of experimental procedure.
The experiment described is suitable for second semester organic chemistry students as they learn methods for the formation of amide bonds or upper level biochemistry students as they learn about the primary structures of proteins. Students were required to apply basic concepts of electrospray ionization mass spectrometry as they analyzed the subtle differences between various amino acid unknowns. In addition to determining the structure of their product, students were asked the following questions as they analyzed their spectra. (i) Are there any amino acids that cannot be distinguished with this method? (ii) How would the data differ if the mass spectrometry were performed under basic conditions? (iii) If you were not told the identity of the first amino acid, would you be able to unambiguously determine the identity of the second?
Experimental Overview:
The experiment was performed over two three-hour laboratory periods. Each group of students was provided a solid-phase reaction vessel containing 50 mg of pre-swelled CLEAR TM Acid resin (Cross-Linked Ethoxylate Acrylate Resin) with the first amino acid attached (Serine). Additionally, each group was assigned an unknown amino acid to couple to the serine residue that was already in place. In order for the reaction to proceed, the unknown amino acid was converted to an HOBt ester. This conversion was achieved by treatment of the amino acid with a solution of HBTU (O-Benzotriazole-N,N,N′,N′-tetramethyl-uronium-hexafluoro-phosphate), HOBt (Hydroxybenzotriazole), and Et 3 N in DMF (N,N-Dimethylformamide). This "coupling solution" was prepared in advance and used throughout the week for five laboratory sections that performed the experiment. Once the unknown amino acid was dissolved in the coupling solution, it was combined with the resin in the solid-phase reaction vessel and allowed to gently shake for 30 minutes (Scheme 2).
Scheme 2:
Initial coupling step performed. In order to monitor the progress of reactions in SPPS, the disappearance of the amino group is often tracked via a ninhydrin test. 2 If the coupling goes to completion, the primary amine in the starting material would be absent in the product, resulting in a negative ninhydrin test. However, due to the toxic and corrosive nature of the material required for the ninhydrin test, the reaction progress was not tested at this stage.
Once the amino acid was coupled to the resin, the base labile Fmoc group was removed by treatment with a solution of 20% piperidine in DMF (v/v) for 5 minutes (Scheme 3).
Scheme 3:
Deprotection of the terminal Fmoc group with piperidine liberates the highly UVactive 9-methylene-fluorene.
At this point, the students tested to confirm that the previous coupling reaction was successful by spotting a small amount of the solution in the reaction vessel onto a Silica plate. The deprotection of the Fmoc group liberated a highly UV-active adduct which was easily observable under UV light. Students also placed a sample of the piperidine solution on the plate for comparison. Because the UV active adduct could only have come from the successful coupling of the amino acid in the previous step, this served as a check of the reaction without having to use the harsh chemicals of the ninhydrin test. While this did not ensure that the coupling in the previous step went to completion, it did provide evidence that some of the unknown amino acid had formed an amide bond to the serine. However, in the development of this laboratory procedure, numerous ninhydrin tests were performed to ensure completion in 30 minutes and this was found to be successful in all cases.
In the final stage of the synthesis, students cleaved the peptide from the resin by treatment with 0.5 mL of a solution containing 95% CF 3 COOH (TFA), 2.5% H 2 O, and 2.5% triisopropylsilane (TIS) for 1 h. The "cleavage cocktail" served to both remove the peptide from the solid support and to remove protecting groups present on the side chains of serine and the unknown amino acids (Scheme 4). In order to prepare students for the mass spectral analysis that they performed, each group was assigned a mass spectrometry worksheet to be completed during the one-hour cleavage reaction (see Supporting Information).
